A warming climate is rapidly changing the distribution and exchanges of carbon within high Arctic 10 ecosystems. Few data exist, however, which quantify exchange of both carbon dioxide (CO 2 ) and methane (CH 4 classification mapping, we found that freshwaters were unimportant contributors to total watershed carbon 24 exchange, in part because they covered less than 10% of total cover in the watershed. High Arctic watersheds are 25 experiencing warmer and wetter climates than in the past, which may have implications for the net uptake of carbon 26 greenhouse gases by currently underproductive polar semidesert and freshwater systems. 27
Alternatively, meadow wetlands were very productive consumers of atmospheric CO 2 (-0.96 g C-CO 2 m -2 d -1 ) but 22 relatively weak emitters of CH 4 to the atmosphere (0.001 g C-CH 4 m -2 d -1 ). When using ecosystem-cover 23 classification mapping, we found that freshwaters were unimportant contributors to total watershed carbon 24 exchange, in part because they covered less than 10% of total cover in the watershed. High Arctic watersheds are 25
Introduction 29
Freshwater ecosystems cover less than 10% of global ice-free land area (Lehner and Doll, 2004) Lakes, ponds and wetlands are globally most abundant in northern regions, largely due to past periods of 44 glaciation and resulting land deformation. These freshwater environments may cover greater than half the landscape 45 in northern regions, and can account for more than three-quarters of a landscape's net CO 2 Alberta, where they were analyzed in the accredited Biogeochemical Analytical Service Laboratory (BASL). There, 111 samples were placed in a wrist-action shaker for 20 minutes to equilibrate dissolved CO 2 and CH 4 with the N 2 112 headspace. Headspace CO 2 and CH 4 concentrations were quantified on a Varian 3800 gas chromatograph (GC) 113 using a flame ionization detector at 250°C with ultra high purity hydrogen (H 2 ) as a carrier gas passing through a 114 hayesep D column at 80°C. A ruthenium methanizer converted CO 2 to CH 4 . Four gas standards (Praxair, Linde-115 Union Carbide), ranging from 75 to 6000 ppm for both CO 2 and CH 4 , were used to calibrate the GC. A Varian Star 116
Workstation program integrated peak areas and only calibration curves with an r 2 >0.99 were accepted for analyses. 117
A standard was re-analyzed every 10 samples to reconfirm the calibration, and duplicate injections were performed 118 on all samples. Headspace CO 2 and CH 4 concentrations were converted to dissolved molar concentrations using 119
Henry's Law, and corrected for temperature and barometric pressure differences between sample collection and 120 analysis. To quantify dissolved inorganic carbon (DIC) concentrations, samples were acidified with 0.5 mL H 3 PO 4 121 to convert all DIC to CO 2 , and then immediately reanalyzed on the GC. DIC concentrations were calculated as 122
above. 123
The second approach involved two automated systems to determine detailed diel changes in surface water 124 dissolved CO 2 concentrations at two different sites (Skeleton Lake and Pond 01; Figure 1 ; Table S2 ). Dissolved CO 2 125 concentrations were measured every three hours during several summers. These systems functioned by equilibrating, 126 over a 20-minute period, dissolved CO 2 from pumped surface waters, with a gas cell in a Celgard MiniModule 127
Liqui-Cel. The equilibrated gas was then analysed for CO 2 concentration by a LI-COR (Lincoln, NE) 820 infrared 128 gas analyzer. The systems also measured dissolved oxygen (O 2 ) concentrations using a Qubit TM flow-through 129 sensor. Concentrations were then converted to aqueous molar concentrations using Henry's Law and water 130 temperature quantified with a Campbell Scientific (Logan, UT) 107-L thermistor. The systems were housed in 131 watertight cases along the shore from which a sample line extended out into the surface waters, and upon which was 132 mounted a CS 014A anemometer (1 m height) and a Kipp & Zonen (Delft, The Netherlands) photosynthetically-133 active radiation (PAR) LITE quantum sensor. All data were recorded on Campbell Scientific CR10X dataloggers. 134
Dissolved CO 2 and CH 4 concentrations of high Arctic freshwaters 135
Though several models exist for quantifying turbulent gas fluxes of lakes (e.g., MacIntyre et al., 2010), we 136 decided to use the stagnant film model described by Liss and Slater (1974) ) is the atmospheric 145 equilibrium concentration, and k is the gas exchange coefficient, or the depth of water per unit time in which the 146 concentration of the gas equalizes with the atmosphere (i.e., piston velocity). Values of k (cm hr -1 ) were calculated 147 using automated systems wind measurements and occasionally from nearby (within 2 km) eddy covariance towers 148 (Campbell Scientific CSAT3 Sonic Anemometers; 30 min. means), and published empirical relationships (Table S3;  149 Hamilton et al., 1994). To determine the direction of the flux, atmospheric equilibrium CO 2 and CH 4 concentrations 150 were quantified using Henry's law, in-situ barometric pressure and air temperature, and mean annual CO 2 and CH 4 151 concentrations in the atmosphere during the year of sampling (Environment Canada, 2015) . If dissolved CO 2 and 152 CH 4 concentrations in surface waters were above or below their corresponding calculated atmospheric equilibrium 153 concentrations, the freshwater systems were considered a source (+) or sink (-) relative to the atmosphere, 154 respectively. 155
We also measured ebullition fluxes of CH 4 to the atmosphere from two freshwater systems (Skeleton Lake, 156
Pond 01) during two growing seasons using manual bubble collection and GC analysis (see Supporting 157 Information). 158
Supporting measurements 159
We quantified additional physical and chemical parameters in surface waters at the same sites as we 160 collected our GHG samples, although at reduced sampling frequencies (Table S2) each measured ecosystem were then weighted to matching coverage area in the watershed to estimate the total 174 carbon gas exchange with the atmosphere. Glacial ice was assumed to be a net-zero contributor of total watershed 175 gas exchange in this scaling exercise. 176
Results 177

Biogeochemical classification of high Arctic ponds 178
Four distinct types of freshwater systems were evident from our sampling in the Lake Hazen watershed 179 (Table 2; Lake, also occurred in the upland of the Lake Hazen watershed, but received consistent water supply through the 187 growing season primarily from snowmelt, permafrost thaw water and/or upstream lake drainage. The general 188 chemistry of these systems was therefore consistent and without extremes during the growing season. Typical 189 meltwater streams draining to these ponds were high in TDN and sulfate (SO 4 2-; Table 2 ). "Shoreline" ponds (Ponds 190 01, 02) occurred along the margin of Lake Hazen and were typically physically isolated from the large lake by 191 porous gravel berms, and surrounded by wetland soils and flora during spring low water conditions. As glacial melt 192 On average, Evaporative ponds had the highest mean CO 2 concentrations (mean±SE; 27.9±4.9 μmol L -1 ) 207 compared to other pond types, primarily due to conditions in Pond 03 and Pond 07. These ponds were the shallowest 208 of the four sampled and were rich in reduced ions, DIC, DOC, total P and calcium. CO 2 concentrations were above 209 atmospheric equilibrium concentration and therefore these ponds were sources of the gas to the atmosphere 210 (+177±66 μmol CO 2 m -2 hr -1
; Figure S4 ). The other Evaporative ponds (Ponds 10, 12) were deeper and had CO 2 211 concentrations that were typically near those of the atmosphere. This contributed to their near-zero exchange of CO 2 212 with the atmosphere (-5±17 μmol CO 2 m -2 hr -1 ). When combining all Evaporative ponds together, they were net 213 sources of CO 2 to the atmosphere (+73±93 μmol CO 2 m -2 hr -1 ). 214
Meltwater systems had lower, but insignificantly different, CO 2 concentrations (26.2±3.9 μmol L -1 ) than 215
Evaporative ponds. Meltwater systems showed only gradual, venting-related declines of CO 2 concentrations through 216 the summer, with strong consistency in concentrations between sampling times and sites. However, they emitted 217 higher, though not significantly different, fluxes of CO 2 to the atmosphere overall (+160±66 μmol m -2 hr -1 ; Figure 4 ) 218 compared to the other types of systems. CO 2 concentrations of these systems correlated strongly and positively with 219 (Table S4 ). Diurnal trends of CO 2 and O 2 concentration measured by the automated system at Pond 01 over 234 several growing seasons showed a primary production signature with opposite temporal patterns of the gases, with 235 greater O 2 during the warmest and lightest parts of the day ( Figure 5 ). However, the net result of strong seasonality 236 in these ponds was slight net emission of CO 2 to the atmosphere (+42±60 μmol m -2 hr) that was not statistically-237 different from other types of systems. 238 Lake Hazen shoreline water, though not necessarily representative of the entire lake itself, was 239 characteristic of its moat occurring early each growing season, and of water that intruded Shoreline ponds in July. 240
This water was generally near atmospheric equilibrium concentrations of CO 2 (21.0±7.8 μmol L -1 ) with stable and 241 low CO 2 uptake throughout the season (-44±66 μmol m -2 hr). CO 2 concentrations of this shoreline water related 242 strongest and positively with DIC, major ions and wind speed (Table S4) . (Table S4) . Notable flux emissions from 249 these systems only occurred during episodic wind events, also similar to CO 2 ( Figure S4 ). However, unlike CO 2 , 250
higher CH 4 concentrations were sustained into July in Skeleton Lake in 2010. Lake Hazen shoreline water showed 251 low and stable CH 4 concentrations and fluxes each growing season with infrequent and small releases of the gas to 252 the atmosphere. CH 4 concentrations in this water correlated positively and strongly with particulate carbon 253 concentrations (Table S4) . ponds, but rather by higher frequency of episodic releases of CO 2 to the atmosphere ( Figure S4 ). This may have 310 been related to their greater mean depths, which promoted stratification in at least one of our sampled Meltwater 311 systems (Skeleton Lake; Figure S5 ). Stratification would confine decomposition products (e.g., CO 2 , CH 4 ) to near 312 their sites of origin in bottom sediments and extensive benthic mat communities (Rautio et al., 2011) , which would 313 then be released most readily during and after wind mixing events. We observed evidence of this process via strong 314 positive associations between CO 2 and CH 4 concentrations in surface waters (Table S4) material from the watershed, as well as wind mixing, were important factors contributing to Lake Hazen surface 332 water CO 2 concentrations, rather than primary productivity or heterotrophic decomposition. 333
CH 4 334
Evaporative and Meltwater systems were typically weak producers and emitters of CH 4 , which was 335 possibly sustained by concurrently high SO 4 2-concentrations in these systems (Table 2 ; Trettin, 1994). This may 336 have given competitive advantage to SO 4 2--reducing bacterial communities in sediments, which typically 337 outcompete methanogenic bacteria for hydrogen. This hypothesis was supported by the prevalence of H 2 S gas in 338 collected sediment cores from Skeleton Lake (unpublished) and by the trivial fluxes of CH 4 in bubbles measured 339 emerging from sediments (0.00-0.01 mg m -2 d -1 ; Table S5 ; see Supporting Information). Low production and 340 exchange of CH 4 in Lake Hazen, alternatively, was most likely associated with the lake's ultra-oligotrophic 341 standing, well-oxygenated water, and little accumulation of littoral organic matter where anoxia could prevail and 342 CH 4 be produced. Only during periods of strong wind mixing of surface waters, or when Shoreline ponds breached 343 and released particulate organic matter, did CH 4 release from the shoreline of the lake to the atmosphere increase 344 above near-zero values. 345
Shoreline ponds were regional "hot-spots" of CH 4 exchange, which was clearly driven by seasonal 346 flooding, similar to that described for CO 2 exchange. Pre-flooding conditions in the ponds were characterized by dry 347 and oxygenated wetland soils which were exposed to the atmosphere and not connected to the central pond where 348 we sampled. drive atmospheric exchange of CO 2 . Not surprisingly, freshwaters receiving runoff from the polar semidesert also 359 support mostly underproductive ecosystems which exchange little CO 2 with the atmosphere (Figure 6 ). Lake Hazen, 360 similarly, is sustained by cold and sediment-laden glacial melt water limited in compounds essential for life. 361
Together, these oligotrophic freshwater and terrestrial ecosystems largely characterize the current low-production 362 state of the Lake Hazen watershed and much of the high Arctic in general. Meadow wetlands, alternatively, are 363 topographical lowlands with flowing water which are ideal high Arctic environments for vegetation growth and 364 accumulation of soils rich in organic matter and nutrients. Conditions in these spatially-limited meadow wetlands 365 are so profound relative to other ecosystem types in the Lake Hazen watershed that they currently drive a strong 366 majority of atmospheric CO 2 exchange there. Evidently, CO 2 uptake across this, and likely other, high Arctic 367 landscapes is inherently tied to the availability and movement of water. 368
Though polar semidesert landscapes exchanged only limited amounts of CO 2 with the atmosphere, they 369
were extremely important sinks of atmospheric CH 4 , such that they dominate high Arctic CH 4 cycling. This strong 370 sink has been attributed to soil conditions that promote efficient atmospheric gas diffusion and temperature 371 sensitivity of methanotrophic bacteria at high latitudes (Emmerton et al., 2014; Jorgensen et al., 2015) . Any 372 ecosystems where water saturation and anoxia would be expected to prevail during the growing season (i.e., small 373 ponds, lakes and meadow wetlands) were surprisingly weak emitters of CH 4 . This may have been due to poor 374 quantities of organic substrates in the soils or beds of these systems, oxidation zones near gas exchange sites, or 375 biogeochemical constraints related to SO 4 2-. Regardless, CH 4 exchange in high Arctic ecosystems, at least those 376 similar to the landscape composition of the Lake Hazen watershed, cannot be overlooked as substantial sinks of this 377 potent GHG. However, these conditions, which currently define carbon GHG exchange in the Lake Hazen 378 watershed, may be poised to change. 379
Warming growing season conditions in the Lake Hazen watershed have affected temperature sensitive 380 components of the landscape including deep soils and permafrost (unpublished). Warming has also affected the 381 region's hydrology through the greater delivery of glacial melt water to Lake Hazen and increased frequency and 382 extent of ice-free area across the lake. Further, other studies suggest that changing air masses and evaporation from 383 newly exposed coastal waters due to sea ice loss will deliver increased precipitation to high Arctic landscapes 384 the shorter term. For Lake Hazen itself, we may expect that a warming climate will hasten loss of ice from the lake, 406 resulting in greater water column heating, longer growing seasons, and increased river inflow to the lake. This may 407 induce more intense mixing and nutrient availability in the water column and perhaps higher productivity and CO 2 408 sequestration. Loss of glacial ice also presents new, but uncertain, opportunities of gas exchange on newly exposed 409 landscapes. 410
Ultimately, freshwater systems in the Lake Hazen watershed did not produce considerable enough fluxes of 411
GHGs relative to the atmosphere to dominate regional GHG exchange, as observed in other studies to the south. 412
However, potential does exist in the watershed for hot-spots of GHG exchange to emerge from greater water 413 availability, which is a distinct possibility in the near-future with ongoing rapid climate warming in the region. Table 1 
